Multicellular eukaryotes orchestrate immensely complex patterns of gene expression in order to define numerous specialised cell types. Patterns of expression are regulated at the level of DNA modification, chromatin structure, genome architecture and nuclear organisation. Each aspect of these features of regulation is controlled by complex nuclear systems, and each of the systems must interact to define a coherent regulatory network. In proliferating cells, and particularly during development, patterns of gene expression must be preserved in cells that have active DNA repair mechanisms and efficiently duplicate both DNA and the associated chromatin status -the histone code. The systems that regulate DNA synthesis and genome stability are integrated with those that regulate the efficacy of RNA synthesis, such that patterns of gene expression are maintained. This review analyses how different experimental approaches are revealing the amazing complexity of the transcriptionally active compartment of mammalian cells. The functional implications of this complexity will be discussed.
INTRODUCTION
Many of the basic molecular mechanisms that regulate gene expression have been elucidated in detail over the past two decades. 1, 2 Researchers understand promoters and how their association with transcription factors leads to recruitment of the transcription machinery and so activates the programme of events that will ultimately culminate in the synthesis of required gene products in appropriate cells. Great strides are being made in understanding how chromatin architecture also contributes to the regulation of gene expression. 3, 4 Yet, despite the evident complexity of these processes, the biological principles that drive them are intellectually simplistic to understand. This is not always so for other features that contribute to the regulation of gene expression. Enhancers, locus control regions (LCRs) and nuclear matrix attachment regions (MARs) are known to be involved in the regulation of gene expression -yet approximately 20 years since such elements were first described, critical features of their behaviour remain unresolved. Here, it will be argued that such elements might subtly perturb the dynamic interplay between components involved in the regulation of gene expression, so that their organisation in time and space will be a crucial component in regulating chromatin function. The major focus of the argument that will be presented here demands a detailed knowledge of the architecture of the nuclear sites where gene expression is performed. 5, 6 
ORGANISING NUCLEAR SPACE
The nucleus of mammalian cells has little apparent structure when viewed by standard microscopy techniques. Using electron microscopy, it is a simple matter to visualise nucleoli, a variety of nuclear bodies and areas of distinct chromatin density, which correspond to euchromatin and heterochromatin. Higher resolution reveals structures called inter-chromatin granule clusters and perichromatin granules, which are involved in gene expression. Even so, much of the nuclear volume has an amorphous granular appearance that provides no real clues as to the complexity that lies beneath. Fluorescent techniques applied to light microscopy, and in particular live cell imaging using proteins tagged with green fluorescent protein (GFP) and its variants, have sustained a major revolution in the ability to define nuclear compartments and the dynamic properties of components that might be found within them.
Chromosome territories provide an excellent example of this phenomenon. More than 100 years ago, it was proposed that the mitotic chromosomes would disperse during interphase in such a way that they would occupy discrete nuclear zones -called territories. When it became possible to define the distribution of DNA from any particular chromosome in a mammalian cell, using a technique called fluorescent in situ hybridisation (FISH), it was immediately obvious that chromosomes do indeed occupy discrete territories throughout interphase. 7 Recent experiments have shown that territories are not absolutely discrete, however, as about 5 per cent of DNA from a typical chromosome is found outside the body of the parent territory, where it is able to intersperse with DNA of adjacent territories. Even so, this level of structure provides a means of confining, in principle, particular chromosomes and loci within particular chromosomes to specific nuclear sites. 8, 9 Indeed, while the distribution of territories is not fixed by any feature of nuclear architecture, it is notable that gene activity can influence interphase chromosome location, such that chromosomes with a high density of active genes tend to be located towards the nuclear centre, whereas those with a low density tend to lie closer to the nuclear periphery. 10 Extending this theme, it is clear that, in some contexts, gene position can contribute to the regulation of gene expression. 8 In the lymphocyte lineage, gene expression has been shown to correlate with gene location, so that transcriptionally silent genes relocate adjacent to centromeric heterochromatin in association with the DNA-binding protein Ikaros. During B lymphocyte development, immunoglobulin (Ig) H and IgK loci are located at the nuclear periphery in haematopoietic progenitors and pro-T cells and in the nuclear interior in pro-B nuclei. The inactive loci are associated with the nuclear lamina and must move to active sites within the nuclear interior before recombination and transcription of the IgH and IgK loci can occur.
11

TRANSCRIPTION COMPARTMENTS
In proliferating mammalian cells, the major sites of transcription are found in nucleoli, 12 where RNA polymerase I is responsible for the synthesis of ribosomal RNAs; this activity represents approximately 50 per cent of the total transcription. Within nucleoli, morphologically distinct compartments define the active centres. The nascent transcripts are located within regions called the dense fibrillar components (dfcs), and the dfcs appear to lie on the surface of fibrillar centres (fcs), which are rich in transcription factors and polymerase I components. Diploid mammalian cells have approximately 250 copies of the ribosomal genes, but generally, only about one-third of these will be transcribed; each transcript generates a product which is subsequently processed to produce 28S, 18S and 5.8S ribosomal RNAs. A cell will have $20 dfc/fc complexes, with each of these containing typically two to five active genes, each with approximately 120 engaged polymerase I complexes. Bromouridine triphosphate (Br-UTP) labelling of RNA confirms that the dfcs contain the nascent RNP (the RNA protein complex that forms during transcription) and the active genes, which can be visualised by DNA in situ hybridisation. 13 Transcription is thought to occur at the fc/dfc interface. GFP-tagged nucleolar proteins can be used to emphasise the cycle of events involved in rRNA synthesis.
14 Using standard imaging techniques, it can be demonstrated that the residence time of major transcription factors in the fibrillar Chromosomes occupy discrete nuclear territories with preferred nuclear positions
The structure of transcription centres in nucleoli demonstrates the principle of active centres where many active RNA polymerase complexes are clustered together centre (FC) is approximately five seconds, while RNA polymerase I remains at the promoter for only about one second. Transcription of the 13 kilobase transcript takes approximately 2.5 minutes, consistent with a re-initiation interval of about 1.5 seconds. Following transcription, the rRNA is processed to produce mature rRNAs, which associate with ribosomal proteins to form the nucleolar granular component. Processing of the primary transcripts is extremely complex and incorporates in excess of 100 individual process steps. Processing is spatially and temporally coordinated within sub-nucleolar compartments.
It has been proposed that the architecture of the transcription sites in nucleoli is a general model for transcription centres throughout the nucleus. 6 This idea is based on the observation that transcription sites throughout the cytoplasm contain small clusters of transcripts from groups of active genes. 15 The ability to label the nascent RNA using Br-UTP in vitro or bromouridine in vivo has shown that a proliferative mammalian cell has some 500-1,000 active sites of RNA polymerase II activity for each haploid chromosome set. [16] [17] [18] As cells have approximately five times this number of active RNA polymerase II holoenzyme complexes, 16 each active centre represents a nuclear compartment where the transcripts from groups of genes are generated and processed together. Active sites of about this complexity can be visualised in living cells that express the large subunit of RNA polymerase II tagged with GFP. 19 The spatial coordination of the different steps required to produce mature mRNAs at specific nuclear sites forms the basis of the concept of transcription factories. [20] [21] [22] Within these structures, transcripts are polymerised, processed and assembled into the required mRNA-protein complex before being released from the site to engage the downstream export pathway. For a typical transcript, the events that occur at the transcription site take approximately 15 minutes to complete, with only about one-third of this time being required for RNA synthesis. 23 The concept of transcription factories suggests that these sites form a functional nuclear compartment that is spatially structured within the interchromatin compartment. Topologically, the consequences of having many active RNA polymerase complexes and transcription units associated with each active centre dictates that the chromatin, rather than the polymerase, will be the mobile partner during transcription. 21 This is consistent with the observation that nascent transcripts are attached to the nucleoskeleton. 24 Hence, during transcription the chromatin loops must be locally dynamic, as RNA synthesis drives each transcribed gene through the synthetic centre. Studies using both light 25 and electron 16, 17 microscopy demonstrate that active genes can be transcribed from loci located throughout chromosome territories, and that transcribed chromatin is highly decondensed. Electron microscopy shows that transcription centres are located within the RNA-rich interchromatin nuclear compartment.
In mammalian cells, the majority of genes are transcribed infrequently, so that bursts of activity interspersed by periods of inactivity define global levels of gene transcription. 26 This characteristic of gene expression reflects a 'transcription cycle, 27, 28 within which the interplay between chromatin dynamics and promoter bound factors will dictate levels of gene expression. As the dynamic properties of transcription factors must contribute to the regulation of gene expression, it is interesting to note that some classes of transcription factor associate with chromatin only transiently, 29 whereas others are more stable -and might even remain bound to chromatin throughout mitosis. 30 Factors such as TATA binding protein, which falls in the second category, provide ideal candidates to mark active genes and Transcription sites can be labelled with Br-UTP In mammalian cells, most genes are transcribed intermittently and a transcription cycle defines overall rates of RNA synthesis regulate the association of these genes with transcription sites.
General and cell type-specific transcription factors bound at promoters are involved in recruiting chromatin remodelling complexes that can alter the dynamic properties of chromatin. This is likely to contribute to the events that enable promoters to access transcription factories. When gene expression is restricted to specific cell types, even more complex interactions might be seen. Gene expression from the human â-globin locus provides an excellent example, where gene expression is regulated by an LCR, which determines the developmentally regulated pattern of gene expression across the locus. 31 At this locus, the LCR contributes to the regulation of gene expression by modulating chromatin structure and the ability of different regions of the extended locus to engage in tertiary chromatin complexes. An early insight into the regulatory mechanism came from the observation that LCR regulatory sequences could affect transcription through long-range chromatin interactions. 32 In this study, it was proposed that the LCR controlled gene expression by establishing tertiary complexes with promoters and then activating their expression. Across the â-globin locus, it is argued that the LCR can only make one stable complex at a time, so that expression might switch back and forth between genes in a 'flipflop' mechanism. This is probably a simplistic representation of LCR function. For example, it is known that the full LCR has numerous transcription factor binding sites and is able to regulate chromatin function, as well as providing chromatin barrier activity. 33 Even at the level of associated transcription factors, individual factors might act to either activate or repress gene expression at different times of development. 34 Even though the precise molecular details of LCR activity remain controversial, 35 however, the most compelling evidence supports the idea that the selective formation of tertiary complexes between the LCR and individual promoters is required before transcription can occur. The tertiary complexes that form to regulate expression have been called an 'active chromatin hub'. 36, 37 Erythroid transcription factors such as erythroid krupple-like factor (EKLF) 38 and GATA-1 (an erythroid/megakaryo lineagespecific transcription factor), and its cofactor friend of GATA-1 FOG-1, 39 have been shown to be essential for stable active hub formation and gene expression. Hence, the active chromatin hub defined by the interaction of protein factors needed to activate and maintain transcription of the â-globin locus is likely to be required for efficient association of the relevant genes with transcription factories in vivo. It should be noted, however, that the active chromatin hub relates to a chromatin complex required to activate gene expression at a single locus, so that the resulting expression hubs 8 might contain only a single gene. The concept of expression hubs and transcription factories are not mutually exclusive, however, and it may be the case that such tertiary complexes from many genes contribute to individual transcription sites. 40 The concept of transcription factories was developed to encompass the coordinated transcription and downstream processing of RNA. 41, 42 It is now known that RNA synthesis is only part of a very intricate process, which ultimately generates a mature RNAprotein complex that is able to pass to the cytoplasm for translation. A comprehensive account of the proteins that interact with RNA polymerase II during gene expression in given by Sims et al. 43 Crucial activities within the factory include the following 1) In mammalian cells, most RNA polymerase II-derived transcripts contain intronic sequences that must be removed before translation is attempted. This process of RNA 44 2) RNA polymerase II is also responsible for recruiting the protein complex that is needed to generate the 39 end of RNA and to add the polyA tail. 45 3) A specific 59 modification, called the 59 CAP, is made to mRNA, and the associated protein complex is assembled within the factory soon after transcription has begun. 46 4) Nascent RNAs form complexes with RNA binding proteins during synthesis. This nascent RNP has a complex structure that evolves as RNA matures through its various processing steps. The final product reflects the different activities that take place within the factory. This structure can dictate the downstream behaviour of the mature mRNP, both at the level of the efficiency of transport from the nucleus and subsequent localisation in the cytoplasm. 47 5) Maturation might also incorporate quality controls that test whether the transcript is a competent template for protein synthesis. 48 It has been suggested that part of this process might include a round of nuclear translation that is coupled to mRNA decay if any defects are found. This process is called nonsense-mediated decay of mRNA. 49 In most cases, it seems that only when the mRNA is fully matured is it able to move away from the transcription site and into the export pathway to the cytoplasm.
The transcription sites must, therefore, coordinate: the steps involved in the activation of gene expression; 1,2 the protein complexes involved in RNA synthesis and mRNA processing; the downstream steps involved in mRNP maturation; and the associated activity of the machinery that is responsible for regulating chromatin status. It is not then unreasonable to imagine that such sites might display an intricate spatial architecture that could contribute to the overall efficiency of mRNP synthesis. Knowledge of the architecture of transcription factories is rudimentary, however, largely because of technical limitation. It is known that typical factories incorporate domains that contain chromatin; regions rich in transcription factors and RNA polymerase; and adjacent regions where nascent RNA is found. 6 In addition, double-labelling experiments show that RNA moves away from the polymerase-rich compartment as transcription proceeds. This architecture is reminiscent of that seen in nucleoli. It is no surprise that proteins involved in RNA synthesis and processing are found at transcription sites. For many proteins, however, the appearance in transcription sites is unexpected. For example, actin and myosin are now recognised as being components of all RNA polymerase complexes in mammalian cells. 50 The precise role of these proteins is not known, although it might be assumed that they are involved in spatial architecture and protein complex movement.
SPATIAL ORGANISATION OF TRANSCRIPTION SITES
It has been known for many years that nascent RNA is associated with structures inside the mammalian nucleus, such that the structure of the active transcription sites is maintained when chromatin is removed. 20 Once transcription of a nascent pre-mRNA is complete, it is known that transcripts are usually retained within the factory until processing and maturation are complete. At this stage in the transcription cycle, it is possible to detect RNA foci by gene-specific RNAdirected FISH. Double-labelling with intron-and exon-specific probes can be used to monitor RNA processing. 23 Intriguingly, while it is much more difficult to detect the accumulation of specific RNA as foci in yeast, the use of strains with conditional deletion of various export factors demonstrates that Transcription factories co-ordinate all activities required for the synthesis of mature mRNA-protein complexes that pass to the cytoplasm specific transcripts can accumulate as foci in the vicinity of the active gene. 51 While the accumulation of RNA foci at specific nuclear sites could be linked to mRNA surveillance and exosome-mediated turnover, 52 the phenomenon is reminiscent of nuclear matrix association of RNA foci seen in mammalian cells. These observations raise the possibility that, throughout eukaryotes, the nucleus is organised so that transcription centres represent a distinct functional compartment. If this is so, a crucial aspect of the regulation of gene expression would be the control of events that allow transcription factors and active genes to access these functional sites.
Further support for this comes from Gary Stein and colleagues, who have characterised a domain of the RUNX (runt-related protein) transcriptional activator that targets the protein to discrete sub-nuclear foci. Removal of the targeting domain results in lethal haematopoietic and skeletal phenotypes, and implies that for this class of protein, the correct nuclear location is critical for function. 53, 54 The behaviour of RUNX1 and RUNX2 proteins was studied in the human osteosarcoma cell line SaOS-2. Enhanced GFP (EGFP)-RUNX fusion proteins were used to confirm that RUNX proteins occupy discrete foci in the living SaOS-2 cells and that the majority of these are coincident with transcription sites visualised by Br-UTP incorporation in permeabilised cells. RUNX foci in living cells are immobile over 30 minutes, consistent with their association with the low-salt nuclear matrix. While the RUNX-rich foci themselves are spatially constrained, however, their components are dynamic. Using fluorescence recovery after photobleaching, the estimated half-life for recovery of EGFP-RUNX proteins in foci was approximately ten seconds, about 20-fold slower that EGFP alone or the RUNX deletion without the nuclear matrix-targeting domain. About 30 per cent of the RUNX proteins within foci were immobile. The phenotype of the RUNX2 deletion in transgenic animals and the behaviour of proteins in cultured cells demonstrate that the functional activity of RUNX proteins is dependent on their location at specific nuclear sites. RUNX proteins also interact with Smads, a family of signalling proteins involved in development. RUNX proteins are required to target Smads to nuclear sites, where transcription is performed. Again, this suggests that gene expression involves the in situ integration of critical signals through the assembly of regulatory complexes at transcriptionally active subnuclear sites. 55 
CROSS-TALK BETWEEN TRANSCRIPTION SITES AND OTHER NUCLEAR ACTIVITIES Transcription and DNA repair
DNA damage is a major cellular stress. Both endogenous sources, such as free radicals generated during oxygen metabolism, and exogenous sources, such as ultraviolet (UV) light, cause potentially mutagenic damage to DNA. Many DNA surveillance and repair mechanisms have evolved to cope with the risks associated with DNA damage and the repair of such damage. RNA polymerase II is likely to play a central role in damage surveillance and repair. 56 The principle behind this idea considers the RNA polymerase complex to be perfectly suited to a process that will involve an extended scanning of the genome in order to detect DNA damage. In addition, the advantage of using a RNA polymerase II-dependent mechanism is that scanning will be focused on the transcribed regions of the genome, in which DNA damage is potentially much more dangerous. When the elongating form of RNA polymerase II encounters lesions in DNA, elongation is blocked, so that the polymerase complex stalls. 57 This is known to activate a stress-response pathway, which leads to a stabilisation of the tumour-suppressor protein p53. 58 Under certain circumstances, changes associated with Some proteins have essential nuclear matrix targeting domains that emphasise how nuclear location can be a crucial feature of protein function RNA polymerase complexes in transcription factories interact in repair proteins to protect the genome the cellular response to DNA damage will induce apoptosis. This is particularly the case during S-phase, when collision between stalled RNA polymerase complexes and elongating DNA polymerases could have profound effects on genomic stability. 59 Cell survival following DNA damage requires that any lesions in DNA are repaired before apoptosis is induced. Factors required to repair DNA damage are recruited to the damage site through interaction with the stalled RNA polymerase complex through the process of transcription-coupled repair. 60 Two major mechanisms, called nucleotideexcision repair and base-excision repair, can be coupled to stalled RNA polymerase complexes. A number of proteins are known to be involved. For example, the Cockayne's syndrome protein, CSA, is recruited to the nuclear matrix in response to UV light-, cisplatin-or hydrogen peroxide-induced DNA damage. 61 The protein co-localises with engaged RNA polymerase II and requires CSB (cockayne syndrome group B), but is not dependent on proteins of the global nucleotide excision repair pathway. The mismatch repair proteins MLH1 and MSH2 and the xeroderma pigmentosum complementation group A binding protein, XAB2, are also recruited to stalled polymerase complexes. Association of these proteins with the stalled complex leads to recruitment of the appropriate repair complexes. Changes associated with stalling of RNA polymerase complexes mean that polymerases do not readily resume elongation following removal of the blocking lesion. Stalled polymerase complexes must be removed from the template in a process that is driven by ubiquitination of the largest subunit of RNA polymerase II in the stalled complex. Candidate ubiquitin ligases include the tumour suppressing von Hippel-Lindau protein, with activity regulated by CSA and CSB, and BRCAI-BARDI (BRAC1-associated RING domain 1) complex. Ubiquitylation of RNA polymerase is followed by proteasomemediated turnover of the transcription complex at the transcription site. 56 As well as DNA repair complexes, numerous proteins involved in genome surveillance are also able to associate with the transcription site. For example, the tumour suppressor protein BRCA1 is known to interact with elongating RNA polymerase II. 62, 63 BRCA1 has been shown to interact with in excess of 30 proteins involved in DNA surveillance and damage signalling, chromatin remodelling and regulation of gene expression. 56 BRCA1 associates with active RNA polymerase II under normal conditions and, following genotoxic insult, becomes phosphorylated and is released. BRCA1 appears to monitor the success of elongation, so that when transcription complexes stall, BRCA1 relocates in the complex, perhaps enabling recruitment of the repair proteins. In a similar way, transcription activity and repair can be considered as mutually exclusive activities, as a vital component of the transcription machinery -TFIIH (RNA polymerase II general transcription factor H) -contains a sub-complex that is also an essential component of a major DNA repair complex. Following UV lightinduced damage, the activation of DNA repair causes a decrease in transcription activity. If DNA damage is localised, TFIIH is recruited from transcription complexes in the vicinity of the damage, implying that spatial architecture plays a role in the cross-talk between DNA repair and RNA transcription. 64 
DNA replication
DNA replication and repair complexes have many common components and complex mechanisms have evolved to ensure that replication is not compromised in cells with damaged DNA. Space constraints prevent further discussion here, although for the purpose of this paper it is important to recognise the interplay between DNA replication, repair and transcription.
At the structural level, however, it is
Proteins such as CSA/B and BRCA1 play major roles in DNA damage surveillance and DNA repair at transcription sites important to consider how transcription sites and replication might be linked. In mammalian cells, the process of DNA replication follows a precisely defined programme, in which different regions of the genome are replicated at specific and predictable times. The units of replication throughout this programme are thought to be DNA foci that represent fundamental units of chromosome structure. 7 It has been proposed that the modular structure of replicon clusters provides a mechanism for replication to spread through the genome in a predetermined way and so ensure the efficacy of DNA synthesis. 65 The molecular mechanisms that determine the architecture of DNA foci are not known, although it has been proposed that the replicon clusters within DNA foci might be synonymous with gene clusters found within transcription factories. The assembly of transcription domains might then be a dominant determinant of both chromosome structure and the regulation of DNA synthesis. 22 Cross-talk between transcription and replication appears to be involved in setting up the replication programme. In mammalian cells, the early replicons are selected during the first third of the G1 phase of the cell cycle, prior to the commitment to engage the cell cycle. 66 Two distinct events define the replication programme by establishing potential replication origins and defining the order in which these origins can be used. These activities are believed to depend on the complex interplay of chromosome structure, chromatin organisation and perhaps even global nuclear architecture. At the onset of S phase, it has been suggested that transcription factories might be responsible for providing spatial cues for setting up replication factories thus activating the S phase programme at a defined set of transcriptionally active chromosomal loci.
Intuitively, one might assume that replication and transcription are mutually exclusive; if spatial structure plays a role in activity, it is reasonable to assume that a specific locus might be within either a transcription factor or a replication factory, but not both. If both replication and transcription were able to proceed on the same chromatin, it would be difficult to exclude the possibility that replication and transcription complexes could collide. If collision led to defects in replication, this could have a profound effect on genomic stability. Few studies have approached this issue with sufficient resolution to look at molecular events in vivo. In one recent study, 67 it was shown that the ribosomal RNA gene clusters within HeLa cells could be undergoing either transcription or replication, but not both together. This was interpreted to suggest that a switching mechanism dictates whether a locus is engaged in replication or transcription. Whether switching at the ribosomal locus is a special or general case is unknown.
Gene clustering
Genome analysis has confirmed that genes that are co-regulated are often clustered on eukaryotic chromosomes. 8 Evidence from budding yeast 68 shows that many genes are found in small groups (commonly two to five genes) that display similar patterns of expression. In human cells, active genes that are expressed in a wide range of tissues are highly clustered. 69, 70 Detailed studies of this level of organisation have been performed on Caenorhabditis elegans 71 and Drosophila melanogaster. 72 In C. elegans, co-expressed genes cluster in groups of two to five along the chromosomes, suggesting that the higher-order organisation of the genome correlates with tissue-specific patterns of gene expression. In Drosophila, 20 per cent of the genes are clustered into groups that display similar levels of expression under many different experimental conditions. With approximately 125 kilobase pairs of DNA in the average cluster of 15 genes, these clusters do not correlate with bands in polytene chromosomes or the discrete sub-chromosomal domains defined by nuclear scaffold attachment. Patterns of Crosstalk between sites of RNA and DNA synthesis is crucial for the integrity of the Sphase programme and genome stability Gene clustering defines groups of genes that can potentially be coregulated expression within these groups imply that groups arise because of selection on the regulation of a small subset of 'master' genes within a group, so that levels of transcription are not tightly regulated for most genes.
Gene clustering is likely to be of functional importance, as it provides a simple means of placing genes with similar interacting factors within a nuclear domain where the factors might be concentrated. Supporting this view, a recent study of transcription factories in mouse erythroid development has demonstrated that many genes are clustered at individual transcription sites. 40 Using mouse development as a model system, this work has shown that potentially active genes in erythroid and other cell types are not continuously transcribed. Potentiated genes -those that are competent for expression -that associate with transcription factories are transcribed, whereas identical alleles, temporarily located outside factories, are not transcribed. In addition, it was shown that numerous genes, up to 40 megabases apart on the same chromosome, can interact with a single transcription factory at high frequencies, suggesting that sharing of factories is common place, perhaps even a general rule. To confirm this observation, genes that associate in vivo can be detected by biochemical means using the chromosome conformation capture (3C) assay. 40 Using several genes located between the haemoglobin locus (Hbb) and the telomere of mouse chromosome 7, novel erythroid-specific 3C products were detected between Hbb and several expressed genes up to 40 megabases away. These data show that the scope of possible co-associations is much wider than previously thought possible, and suggests that chromosome structure is highly dynamic, with frequent gene interactions occurring at transcription sites. Using both 3C and RNA FISH, it can be shown that genes from different chromosomes might also occupy a single transcription factory.
Possible implications of gene clustering are suggested by recent observations in simple eukaryotes. In Saccharomyces cerevisiae, the early steps of tRNA processing are coordinated in the nucleolus. Remarkably, while different tRNA gene families are dispersed in the linear genome, they co-localise in the nucleus at sites that contain 5S ribosomal DNA and U14 small nucleolar RNA. This localisation requires tRNA gene transcription-complex formation. This organisation of tRNA genes must influence the spatial packaging of the genome and raises the question of whether gene location might be coordinated in three dimensions to regulate transcription. 73 While studies on cell extraction might define the ability of different complexes to interact, they provide few clues as to the architecture and stability of any structures that might exist in vivo. The interpretation is further complicated by the fact that cell extraction and purification protocols are generally inefficient, and that it is extremely difficult to extract the engaged RNA polymerase complex in a native form. Despite intensive efforts, it has proved impossible to isolate transcription factories; it is assumed that this reflects the way these complexes interact with chromatin and structural nuclear components as they are assembled in vivo.
PROTEOMICS
APPROACHES
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In a very recent study, tandem affinity purification was used to demonstrate that the minimal stable RNA polymerase II complex from human cells contains 17 subunits: 12 subunits of RNA polymerase II, both subunits of TFIIF, TFIIB, Fcp1 (RNA polymerase II phosphate) and RPAP1 (RNA polymerase II associated protein-1). In this complex, the RNA polymerase is thought to be maintained in the inactive hypophosphorylated form by Fcp1, and that TFIIF and TFIIB are general transcription factors involved in recruitment of the polymerase complex to appropriate promoters. 74 
Global analysis of protein complexes
Proteomics approaches to the analysis of molecular networks are beginning to provide exciting insight into the regulatory systems that control cell function (Xia et al. 75 provide an excellent overview). Technical innovations are crucial to progress in this field, with techniques such as tandem affinity purification providing extremely powerful tools for analysing the components of protein complexes. As an excellent example, Gavin et al. 76 demonstrated how the approach could be used to assimilate an 'interactome' of protein complexes in S. cerevisiae. In this study, 1,739 genes were tagged using homologous recombination and multiprotein complexes associated with each of the tagged 'entry-point' genes isolated. Proteins from these purified complexes were separated by denaturing gel electrophoresis and analysed by matrixassisted laser desorption/ionisation-timeof-flight mass spectrometry after trypsin digestion. Bioinformatic analysis of these protein assemblies defined 232 clearly distinct multi-protein complexes. Many proteins are found in multiple complexes. This allows protein complex networks to be established by linking complexes that share at least one protein. Figure 1 provides a pictorial representation of such a protein network, in which a relaxation algorithm defines the distribution of nodes by minimising the distance between connected nodes and maximising the distance between unconnected nodes. In essence, this places the protein complexes with the most common peptides at the centre of the network. It can be seen that complexes involved in the regulation of chromatin function lie at the heart of the network (Figure 1 ). The same principle has been used to develop an interactome network for the model metazoan, C. elegans. 77 
CONCLUSIONS
Networks of molecular machines interact in the nuclei of mammalian cells to ensure the appropriate regulation of chromatin function. 78 This paper has explored how these systems interact in order to ensure that chromatin function is maintained without compromising patterns of gene expression or genome integrity. It has been argued that the structure of the sites of gene expression, called transcription factories, modulates the interplay between different systems that regulate chromatin function. The architecture of factories plays a crucial role in this process, as the possibility of establishing spatially constrained nuclear compartments, where specific activities can be concentrated, will undoubtedly have an impact on the regulatory mechanisms. Mechanisms that Protein networks show RNA synthesis and metabolism to be close to the centre of protein 'interactomes' Figure 1 : This figure shows the functional organisation of the yeast proteome as a network of connected protein complexes. Links were established between complexes with at least one protein in common. The network was generated by minimising the distance between connected nodes and maximising the distance between unconnected ones. This places the most highly connected nodes at the centre of the network. For further details, see Gavin et al. 76 The original paper identifies the central location of protein complexes involved in: 1) transcription, chromatin structure and DNA maintenance; 2) RNA metabolism and 3) cell cycle regulation. The major RNA polymerase-containing complexes are control the spatial and temporal dynamics of chromatin as it interacts with the active sites must be fundamental regulators of chromatin function. 79 In terms of gene expression, promoters, enhancers, LCRs, insulators and MARs can all contribute to the regulation of gene expression. Each of these genetic components, by interacting with different proteins on chromatin, will influence the dynamic properties of chromatin and its ability to interact with specific nuclear sites.
Transcription factories allow spatial coordination of the different activities that contribute to the synthesis of each mature mRNP. Within a single site, many different genes can be transcribed and the nascent RNAs processed to generate mature products. The process has inherent quality control, so that only genes transcribed by specific polymerase complexes are exposed to the desired processing machinery and appropriate RNA binding proteins. As processing takes place, the RNA-associated protein complexes also mature, so that the product which is released from the transcription factory has a structure that is permissive for nuclear export, cytoplasmic targeting and protein synthesis.
As well as allowing coordination of the many steps in mRNP synthesis, the structure of the active sites also facilitates cross-talk between the regulatory systems that control DNA replication and repair. In essence, the transcribed part of the genome will be most sensitive to genotoxic stress, so it is not surprising that mechanisms have evolved to survey and project this active chromatin compartment. Similar cross-talk can be described between transcription and DNA replication and DNA replication and repair networks. Understanding the interplay between these regulatory systems lies at the heart of understanding the complexities of nuclear function in mammalian cells. As transcription factories lie at centre of this network, their amazing complexity may not be too surprising.
